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Introduction
Globally, more than one billion people smoke tobacco products (1) . Tobacco smoke contains about 5000 compounds including many carcinogens (2) . Smoking increases the risk of lung cancer 20-fold (3) . Smoking cessation reduces the relative risk of lung cancer, but individuals who quit smoking still have an increased risk even decades following smoking cessation compared to never-smokers (4, 5) .
The molecular effects of smoking and smoking cessation in the human lung are still not well understood. Previous transcriptomic studies indicate that a large number of genes are modulated by smoking in airways (6) (7) (8) (9) (10) (11) (12) (13) (14) , alveolar macrophages (15) (16) (17) , lung tumors (7, (18) (19) (20) (21) , and peripheral leukocytes (22) (23) (24) (25) (26) (27) . Fewer transcriptomic studies have also examined the effect of the duration of smoking cessation on gene expression profiles (6, 8, 10, 12) . All these studies were performed in epithelial cells obtained from bronchial brushings with sample sizes that range from 24 to 104 individuals. These studies showed that the gene expression pattern is similar between former and never-smokers, suggesting that most smoking-induced gene expression reverse following smoking cessation. However, the same studies also demonstrated that the levels of expression of a small group of genes are permanently altered by cigarette smoke, but little overlap was found among studies. In addition, it is unknown whether these findings in human airway epithelial cells can be extrapolated to human lung parenchyma. Only a few transcriptomic studies have evaluated the impact of tobacco smoking on gene expression in histologically normal pulmonary parenchyma (18, 20, 21) . The largest among the later studies was performed with 15 never, 18 former, and 16 current smokers (18) . Here we reported the results of a large-scale whole-genome gene expression study evaluating the impact of smoking and smoking cessation in non-tumor lung tissue. We hypothesized that the gene expression profile of the human lung would be altered by cigarette smoking and that most of these changes would revert to never-smoking levels following smoking cessation. We also hypothesized that the expression of a smaller number of genes would be permanently altered by smoking. To examine these hypotheses, we collected non-tumor lung samples from a large group of patients who underwent lung surgery. The lung transcriptomes of never and current-smokers were then compared. Genes differentially expressed among smoking groups were then validated in two independent replication sets of lung specimens to obtain a list of genes consistently altered by smoking. The genes reproducibly induced by smoking were further studied in relationship to years of smoking cessation in former-smokers in order to identify early, late, and never reversible genes. 
Materials and Methods

Discovery set
Smoking status
Smoking history included self-reported current smoking status, number of pack-years, and year of smoking cessation (for former-smokers). Plasma cotinine quantification was determined by HPLC-MS-MS (ACQUITY UPLC ® System and the Quattro Premier XE, Waters, Milford, Mass, USA). Current-smokers were defined as subjects self-reported as smokers who also had a plasma cotinine concentration greater than or equal to 15 ng/mL (28) . Never and former-smokers were defined as subjects self-reported as lifelong non-smokers and ex-smokers, respectively, whose plasma cotinine concentrations were below detection (<0.4 ng/mL). Never and former-smokers with cotinine levels >0.4 ng/mL were excluded from analysis.
Tissue processing
After surgical removal, lung specimens were immediately examined by a pulmonary pathologist (C.C.). After processing for pathological diagnosis and staging, a non-neoplastic pulmonary parenchyma sample (2-5 cm 3 ) was harvested from a site as far distant as possible from the tumor.
The research specimens were immediately divided into smaller fragments (~0.5 cm 
Replication sets
Lung specimens collected at two other sites (University of British Columbia, Vancouver, Canada and University of Groningen, Groningen, The Netherlands) were used as replication sets. At the UBC site, the study was approved by the ethics committee of the UBC-Providence Health Care
Research Institute Ethics Board. At the Groningen site, the study protocol was consistent with the Research Code of the University Medical Center Groningen and Dutch national ethical and professional guidelines ("Code of conduct; Dutch federation of biomedical scientific societies"; http://www.federa.org). To obtain replication sets similar to the discovery set, only subjects with lung neoplasm were considered. The final analyses were conducted with 285 and 224 lung specimens from UBC and Groningen, respectively.
Assays
Whole-genome gene expression profiling was performed using Affymetrix arrays at the same facility using the same methods for the discovery and replication sets. Microarray platform and preprocessing, quality controls, RNA extraction, quantitative real-time PCR, and immunohistochemistry are described in the supplementary data. Gene expression data are available through GSE23546. 
Statistical analyses
All analyses were performed with the R statistical software version 2.9.0 and Bioconductor packages (29).
Gene filtering. The MAS5 call from the R affy package was used to remove genes that could not be adequately detected in the human lung tissues. Only probe sets called "present" in at least 20% of the samples were kept for subsequent analyses. A total 38,820 probe sets were available following the application of this filter.
Selection of covariates.
The impact of standard demographic variables and possible confounders, such as COPD and types of cancer, on gene expression in the lung were tested independently to select covariates. Smoking had a much bigger impact on gene expression than COPD and lung cancer considered independently (see Supplementary Fig. 1 ), which is consistent with the idea that smoking induces molecular damages that in turn lead to lung diseases. Several clinical variables had an effect size similar to COPD or types of lung cancer on gene expression and adjusting for all these variables would have made our model unstable. Accordingly expression traits were only adjusted for age, sex and height. Please note that we further rely on replication sets to identify genes reproducibly modulated by smoking.
Expression trait processing. The distribution of expression traits was largely non-Gaussian. Accordingly, we used robust residuals and nonparametric tests to perform the association analyses. The rlm function in the R statistical package MASS was used to calculate residuals (Mestimation with Tukey's bisquare weights). Residual values deviating from the median by more than three standard deviations were filtered out as outliers.
Association tests.
Wilcoxon tests were used to compare adjusted expression traits between never-and current-smokers. We applied a Bonferroni correction to correct for multiple testing (0.05/38,820 probe sets, p value < 1.29x10 -6 ). The fold changes were obtained by raising 2 to the power of the mean difference in expression between never-and current smokers. Transcripts differentially expressed were those that passed the Bonferroni correction and had a fold change greater than or equal to 1.2.
Replication sets. Tests of association between gene expression and smoking status were performed as described above. However association tests were limited to the 3,223 probe sets that were significantly altered by smoking in the discovery set. To adjust for multiple testing, we used both the Benjamini-Hochberg procedure to calculate the false discovery rate (30) and the Bonferroni correction (0.05/3,223 probe sets, p<1.55x10 -5 ).
Smoking cessation and normalization of gene expression
We estimated the time it takes for gene expression to revert to never-smoker levels after smoking cessation. These reversibility analyses were only performed on probe sets significantly altered by smoking in the three data sets. To do this, we first determined the mean expression values for each probe set for both never and current-smokers. Next, we determined the mean expression values for former-smokers in relation to the elapsed time between smoking cessation and the time of surgery. The elapsed time intervals were divided such that there were at least 25 individuals per bin. The time intervals in the discovery set were: a) within two years before surgery, b) 2-5 years, c) 6-9 years, d) 10-14 years, e) 15-19 years, f) 20-24 years, and g) 25-49 years, resulting in bin sizes of 26, 29, 32, 26, 31, 28, and 37 subjects respectively. Probe sets were considered to have reverted to the "normal" value if, within a given time interval, the Wilcoxon test comparing former-smokers to never-smokers was no longer significant (p>0.01). These time course analyses generated eight clusters of up-(U1-U8) and eight clusters of down-regulated (D1-D8) probe sets based on the duration of smoking cessation to return to normal. U8 and D8 represent probe sets that do not return to normal. In order to identify slowly or never reversible genes that were consistent across populations, we performed chi-square tests (2x2 frequency tables) comparing the distribution of probe sets returning or not returning to never-smoker levels within ten years of smoking cessation between the discovery set and the replication sets. Probe sets not returning to never-smoker levels within 10 years of smoking cessation in the discovery set and in at least one of the two replication sets were identified. 
Results
Discovery set population
The clinical characteristics of the 344 patients who passed microarray quality control and blood cotinine filters in the discovery set are shown in Table 1 . Most patients were former (61.3%) or current (26.2%) smokers. The vast majority of these patients underwent lung surgery for nonsmall-cell lung cancer (Table 1) , predominantly adenocarcinoma (55.5%) and squamous cell carcinoma (27.6%).
Transcripts associated with smoking status in the discovery set
A total of 38,820 adjusted expression traits were compared between never-and current-smokers.
3,223 probe sets were differentially expressed between the two groups (i.e. p value<1.29x10 Table S1 ). Fig. 1 shows a heat map of these probe sets.
Former-smokers were ordered based on the duration of smoking cessation ( Fig. 1, upper panel) .
The date of smoking cessation was not available for two former-smokers. These two patients were excluded from the heat map. A clear separation in the pattern of gene expression was observed between never and current-smokers. The most significant probe set interrogated the aryl-hydrocarbon receptor repressor (AHRR) gene, which had a p value of 3.3x10 -20 and a fold change of 6.1. The next three most significant probe sets were all testing the CYP1B1 gene (p values<1.1x10 -19 and fold changes > 4.0). SERPIND1 was also among the top up-regulated genes in smokers with a p value of 5.2x10 -17 and fold change of 13.3. The changes in expression of AHRR, SERPIND1, and CYP1B1 were confirmed by quantitative real-time PCR in a subset of samples (Fig. 2) . 
Replication sets
The UBC set included 30 never-smokers, 158 former-smokers, and 97 current-smokers. The clinical characteristics of these subjects by smoking group are provided in Supplementary Table   S2 . Of the 3,223 probe sets found to be significant in the discovery set, 1,696 probe sets were significantly associated with smoking following the Benjamini-Hochberg correction. Considering the large number of probe sets, we also applied a more stringent multiple testing correction factor in order to focus on the most strongly replicated genes. Following Bonferroni correction (p<1.55x10 -5 ), 144 probe sets were significantly associated with smoking in the UBC data set.
There was 100% concordance in the orientation of the altered gene expression for the 1, 696 probe sets between the two cohorts (i.e. genes up-regulated by smoking in the discovery samples were also up-regulated in the UBC samples and similarly for genes that were down-regulated).
The Groningen set included 16 never-smokers, 164 former-smokers, and 44 current-smokers. The clinical characteristics of these subjects by smoking group are provided in Supplementary Table   S3 . Association tests were performed between smoking status and 3,223 probe sets. 910 and 30 probe sets were significantly associated with smoking status following Benjamini-Hochberg and Bonferroni (p<1.55x10 -5 ) corrections, respectively. The orientation of the effect for the 30 probes sets was 100% concordant between the discovery and Groningen samples. For the BenjaminiHochberg threshold 906 out of 910 probe sets were concordant. The p values for the 3,223 probe sets in both replication samples are provided in Supplementary Table S1 . Genes associated with smoking across the three populations Using stringent Bonferroni correction, seven probe sets overlapped among significant probe sets in the discovery (n=3,223), UBC (n=144), and Groningen (n=30) populations. Table 2 shows these probe sets with annotation and association test results for the three populations. These seven highly reproducible probe sets were all up-regulated by smoking. Using a less stringent correction for multiple testing (i.e. Benjamini-Hochberg), 599 probe sets overlapped among significant probe sets in the discovery (n=3,223), UBC (n=1,696), and Groningen (n=910) populations. These include 558 and 41 up-and down-regulated probe sets, respectively. The direction of expression is 100% concordant across the three populations for these probe sets.
Supplementary Table S1 shows these reproducible probe sets. down-regulated probe sets (n=41), 11 returned to never-smoker levels within two years of smoking cessation (D1), 14 after 2-5 years (D2), six after 6-9 years (D3), 0 after 10-14 years (D4), three after 15-19 years (D5), six after 20-24 years (D6), and 0 after 25 years (D7). One probe set down-regulated by smoking did not returned to never-smoker levels (D8). For each cluster, the list of probe sets with gene annotation is provided in Supplementary Table S1 .
Time course analyses
The time course analyses of gene expression were also performed in the two replication sets for the probe sets reproduced across the three populations. It should be noted that because of a lesser number of subjects the number of clusters for the duration of smoking cessation differ across the three populations. Accordingly, a head-to-head comparison with the discovery set is difficult for these analyses. Nonetheless, fast and slow responding genes were significantly concordant between the discovery and UBC sets. This was shown by chi-squared analysis for probe sets dichotomized into early and late reversibility clusters in the two patient groups (χ 2 =14.4, p value=0.0001, Supplementary Fig. 2 ). Interestingly we observed a faster rate of gene expression recovery following smoking cessation in the Groningen data set. Out of 558 probe sets upregulated by smoking and replicated across the three data sets, only seven probe sets including six known genes were still significantly higher than never-smokers after 10 years of smoking cessation (SERPIND1, AHRR, FASN, PI4K2A, ACSL5, and GANC) . Five out of these seven probe sets did not return to normal within 10 years of smoking cessation in the discovery set (χ 2 =4.3, p value=0.038, Supplementary Fig. 3 ). The list of slowly reversible probe sets found in the discovery set and validated in at least one of the replication cohort can be found in Table 3 .
SERPIND1 was the only known gene overlapping among slowly or never reversible genes in the three populations (Table 3 and Fig. 4) . The up-regulation of SERPIND1 in smokers compared to never-smokers was confirmed at the protein level by immunochemistry ( Supplementary Fig. 4 ).
Gene set enrichment analysis (31) was used to test whether slowly reversible genes in the replication sets were enriched among the 599 reproduced genes altered by smoking in the discovery set (see supplementary data for more details). The 599 reproduced probe sets were preranked by their degree of reversibility in the discovery set. Slowly reversible genes in the two replication sets were then tested for enrichment against this pre-ranked list. Supplementary Figs. 5 and 6 show the enrichment plots for both gene sets (i.e. UBC and Groningen). Genes slowly reversible in UBC (n=49 probe sets) cluster among the top slowly reversible genes in the discovery set (FDR q-value=0.002, Supplementary Fig. 5 ). Although only six known genes were considered slowly reversible in the Groningen set, they also tend to cluster among slowly reversible genes in the discovery set (FDR q-value=0.053, Supplementary Fig. 6 ). 
Discussion
This study provides a comprehensive description of the molecular signature of smoking in the human lung and the effects of smoking cessation on this signature. Thousands of genes were significantly associated with smoking status in the discovery set and the gene expression patterns of never and current-smokers were clearly distinguishable. The impact of smoking was validated for 599 probe sets in two replication data sets. Although most of the differentially expressed genes returned to levels similar to never-smokers following smoking cessation, many slowly reversible genes were identified and some never normalized despite prolonged smoking cessation. Some of the genes that showed enduring alterations in expression have never been reported to be involved in lung cancer, while others are targets of current clinical trials or are used as biomarkers for the progression or prognosis of this disease.
Most whole-genome gene expression studies that have been done to investigate the impact of tobacco smoking were performed on airways, (6-14) alveolar macrophages, (15-17) lung tumors, (7, (18) (19) (20) (21) or peripheral leukocytes (22) (23) (24) (25) (26) (27) . The impact of tobacco smoking on gene expression in non-tumor lung tissue has been evaluated in only a few studies (18, 20, 21) .
Perhaps the best comparison with our study is the report by Landi et al. (18) regulated genes (CEACAM5, CYPBB, CYLT1, FGG, TM7SF4) by real-time PCR in technical and biological replicates. These five genes were significantly up-regulated by smoking in our discovery set. This study provides strong external validation of our results.
The gene most strongly up-regulated by smoking was the aryl-hydrocarbon receptor repressor (AHRR), which is a negative regulator of the aryl-hydrocarbon receptor (AHR) signaling pathway (32, 33) . This pathway, also known as the xenobiotic or dioxin signaling pathway, is an important regulator of cellular responses to exogenous ligands. Cigarette smoke contains agonists of the AHR signaling pathway (34) that in turn regulate the expression of genes encoding cytochrome P450 enzymes (35). In the current study, members of the CYP1 family, including CYP1A1, CYP1A2, and CYP1B1 were among the top genes up-regulated by smoking. These enzymes are essential for detoxification of environmental chemicals, but are also known to generate mutagenic and toxic intermediates that are believed to be carcinogenic (34). Murine models suggest that the AHR pathway is required for carcinogen-induced cancer (36) and that the constitutive activation of this pathway may be responsible for the development of cancer (37, 38) .
Treatment of mice with benzopyrene, a major carcinogen found in cigarette smoke, resulted in an increase in AHRR expression in the lung (39) . In humans, AHRR is ubiquitously expressed, but is more abundant in some tissues including the lung (40) . Recent evidence suggests that AHRR is a tumor suppressor gene (41) . It is thus tempting to speculate that the up-regulation of AHRR in the lung tissues related to cigarette smoking may be a defence response against possible malignant transformation.
There was large variation in the time since smoking cessation among former-smokers in our data sets. This provided a unique opportunity to differentiate genes that respond favorably from those 
lung and since gene expression patterns are cell-type specific this could contribute to the smoking signals that we observed. For example it is well known that the total number of alveolar macrophages is markedly increased in the lungs of smokers (43) . We have also shown that inflammation persists in former-smokers and COPD patients years after smoking cessation (44, 45). Accordingly our results must be interpreted with caution and follow-up experiments using specific cell types will be required. Considering the large number of future follow-up experiments that will be required, we believe that sharing our results with the scientific community is likely to accelerate the confirmation of preventive and therapeutic targets. Thirdly, we do not know which of the genes altered by cigarette smoking and smoking cessation are critically important in the genesis of lung cancer. Future work is clearly needed to elucidate the salient pathways. In addition, gene expression is only one aspect of the molecular alterations induced by smoking in the lung (46) (47) (48) . Multi-dimentional genomic profiling of lung specimens including somatic mutations and epigenetic marks will be required to understand lung carcinogenesis and the residual risk of lung cancer among former-smokers. Finally, the list of slowly reversible genes following smoking cessation is derived from patients with lung cancer. It would be interesting to know whether these genes are also permanently deregulated in current and former-smokers that never develop lung cancer. Identifying genes which do not normalize following smoking cessation in subjects who develop lung cancer compared to those who do not develop lung cancer will be an important step to uncovering the drivers of disease.
In conclusion, we have demonstrated that smoking has a major impact on the lung parenchymal transcriptome and that the altered molecular signature can return to near normal levels over time.
However, there are genes affected by smoking which do not normalize or are slow to normalize even after decades of smoking cessation. It also provides molecular evidence of the devastating CAN-12-1160 health impact of smoking in human lung and reinforces the importance of smoking cessation. The current study is an important step to pinpoint the specific genes and pathways altered by smoking in the lung and provides new candidates that are likely involved in lung cancer and other respiratory diseases. 
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